32 Lead (Pb) and zinc (Zn) contaminated rice paddy soil was stabilized using natural (NSF) and calcined starfish (CSF).
Introduction

62
Heavy metal contamination in rice paddy soil is a major concern because of its toxicity to human health. Pb and Zn are 63 common heavy metals released from abandoned or closed mines in the Republic of Korea that cause rice paddy soil 64 contamination. There are approximately 2,600 abandoned mines in the Republic of Korea and among them 1,301 mines 65 are associated with serious heavy metal release problems (Mine Reclamation Corp., 2014) . Stabilization offers a viable 66 alternative for remediation of Pb and Zn contaminated rice paddy soils.
67
Traditionally, stabilization technologies have relied on two main sources of stabilizing agents, chemical products 68 (hydrated lime, quicklime) (Jing, et al., 2004; Moon, et al., 2004) and industrial by-products (Portland cement, cement kiln 69 dust, fly ash, etc.) (Wang and Vipulanandan, 1996; Li, et al., 2001; Dermatas and Meng, 2003; Moon and Dermatas, 2007;  70 Moon, et al., 2008) , for effective immobilization of heavy metals. Recently, attention has shifted towards low-cost, more 71 sustainable alternatives that use natural waste materials (i.e. waste oyster shells) as stabilizing agents for immobilization of 72 heavy metals in contaminated soils (Moon, et al., 2011; Moon, et al., 2013; Moon, et al., 2015) .
73
Consistent to this viewpoint, this study considers use of starfish as a stabilizing agent for remediation of Pb and Zn 74 contaminated rice paddy soil. In recent years, starfish have been recognized as a major problem leading to degradation of 75 natural marine ecosystems. Starfish exhibit a high reproductive rate capable of laying 2-3 million eggs at a time.
76
Additionally, starfish are known bottom feeders, capable of consuming large amounts of various benthic invertebrate 77 organisms including ear shells, sea cucumbers, short-necked clams, shellfish, sea urchins, etc. An individual starfish 78 organism usually consumes approximately 10 kg/yr of the above-mentioned sea organisms. Even though the triton shell is 79 a natural predator of starfish, its population is limited and the only viable alternative for controlling outbreaks of these 80 invasive species is capturing great numbers of starfish, often exercised by oystermen. However, marketing and recycling 81 options for captured starfish have been scarce. Beneficial uses reported in literature include applications of starfish as 82 a fertilizer (Park, 2003) , or as additive for heavy metal removal (Hong, et al., 2011) . Alternatively, starfish, a 83 feedstock of high calcium content enhanced with various other minor elements (i.e. Mg, P, K, Zn, etc.), has recently 84 been used as an amendment for acidic soil remediation (Lebrato, et al., 2013; Moon, et al., 2014) .
85
The calcination process, achieved at high temperatures (900°C for 2 hours), converts calcite (CaCO3), the main 86 inorganic constituent of starfish, into quicklime (CaO). Previously, calcination at 700°C and 900°C was applied 87 to produce calcined starfish for amelioration of acidic soil (Moon, et al., 2014) . Reportedly, heavy metal 88 immobilization with calcite and quicklime is achieved by formation of pozzolanic reaction products such as calcium silicate 89 hydrates (CSHs) or calcium aluminum hydrates (CAHs) (Rose, et al., 2000; Dermatas and Meng, 2003; Moon, et al., Heavy metal (Pb, Zn) 
208
The 10 wt.% NSF treatment produced marginally the lowest TCLP Zn concentration of 7.4 mg⋅l -1 . TCLP Zn level 209 reductions as high as 100% in the 6.5 mg/L control sample upon 10wt.% NSF treatment have been reported in literature (Lim, et al., 2017) . Higher reductions reported by Lim, et al. (2017) , may be associated with variability 211 of starfish, soil characteristics, and the Zn form in control and treated samples.
212
In CSF treated samples ( Fig. 3) , reduction in TCLP Pb leachability ( Fig. 3a ) was more pronounced than that of 213 the NSF treated samples. 2 wt.% CSF was sufficient to ensure compliance with the TCLP regulatory limit of 5 214 mg⋅l -1 . The lowest TCLP Pb concentration of 0.46 mg⋅l -1 , attained upon 5 wt.% CSF treatment, represents a 215 reduction in TCLP Pb leachability of more than 93% compared to the control. A comparable TCLP Pb reduction 216 of 100% attained upon 5wt.% CSF treatment has been reported (Lim, et al., 2017) . Similarly, the TCLP Zn 217 concentrations were significantly reduced upon CSF treatment compared to those obtained with NSF treatment.
218
This indicates that CSF treatment was more effective than NSF treatment and is evident by the lower TCLP Zn 219 concentrations for all treatment levels compared to those of NSF treatment. The lowest TCLP Zn concentration of 220 3.61 mg⋅l -1 attained upon 5 wt.% CSF treatment complied with the UTS standard for Zn of 4.3 mg⋅l -1 . It has been 221 reported that TCLP Zn reduction of 100% was observed upon 5 wt.% CSF treatment (Lim, et al., 2017) . Based on 222 these results, it can be concluded that CSF treatment is highly effective in immobilizing Pb and Zn in contaminated reported that changes in the fractions from F1, F2 and F3 supported the stabilization effect on Pb. In the case of 241 Zn, the F3 and F5 fractions increased but the F4 fraction was virtually similar. This suggested that reduction in the 242 F1 and F2 fractions and increase in the F3, F4 and F5 fractions for Pb are most probably associated with high 243 degree of stabilization achieved with NSF and CSF. In the case of Zn, reduction in F1 and F2 fractions and increase 244 in the F5 fraction was most probably linked to the high degree of stabilization achieved with NSF and CSF. identified by the SEM-EDX analysis (Fig. 5a ). The Si content, displayed by the white color in the mapping results, 250 in all areas was very high. Even though low signals for Pb and Zn were detected due to low total contents, these 251 signals were strong in the targeted particle. Therefore, the elemental dot map results reveal that Pb and Zn 252 immobilization was most probably associated with Ca, Al, Si, and O due to the formation of pozzolanic reaction 253 products such as CSHs and CAHs (Fig. 5b) . Support for this finding is well documented in literature. Reportedly,
254
Pb is immobilized within the CSH matrix by direct linkages at the end of silicate chains via Pb−O−Si bonds (Rose, 255 et al., 2000) . Pb incorporation into the CSH structure has been reported as the key mechanism for effective Pb 256 immobilization using quicklime (Dermatas and Meng, 2003) . In addition to previous research, specific types of 257 CSHs such as, CaH4Si2O7 and Ca5Si6O16(OH)2 were identified as phases strongly associated with effective Pb 258 immobilization upon quicklime treatment (Moon, et al., 2006) . It has been reported that ettringite formation was 259 identified as responsible for Pb immobilization in a 10 wt.% CSF treated sample (Lim, et al., 2017) . However, 260 ettringite was not observed in the 5 wt.% CSF treated sample because samples did not contain significant sulfate 261 levels. Therefore, ettringite may not be the phase linked to effective Pb immobilization. Ettringite, 262 C3A·3CaSO4·32H2O (Aft) or Ca6Al2(SO4)3(OH)12·26H2O, is a key pozzolanic reaction mineral product (Moon, et 263 al., 2010) that can immobilize Pb inside of the ettringite crystal matrix by solid solution with Ca 2+ (Gougar, et al., 264 1996) . Effective Zn immobilization may be achieved by a tricalcium silicate component (Bhatty, 1987) or CSHs 265 compounds. Zn incorporation into CSH strucutre has been reported to proceed either by replacement of Ca 2+ or by 266 direct linkage to the end of silicate chains through Zn-O-Si bonds (Moulin, et al., 1999; Rose, et al., 2001) . 325 Moon, D.H., Dermatas, D., Grubb, D.G., 2010 . Release of arsenic (As) and lead (Pb) from quicklime-sulfate 326 stabilized/solidified soils under diffusion-controlled conditions. Environ. Monit. Assess. 169, [259] [260] [261] [262] [263] [264] [265] 327 Moon, D.H., Dermatas, D., Menounou, N., 2004 . Arsenic immobilization by calcium-arsenic precipitates in lime 328 treated soils. Sci. Total Environ. 330, [171] [172] [173] [174] [175] [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] 12 Moon, D.H., Park, J.-W., Cheong, K.H., Hyun, S., Koutsospyros, A., Park, J.-H., Ok, Y.S., 2013 
